Herpes stromal keratitis (HSK) is a prevalent and frequently vision-threatening disease associated with herpes simplex virus type 1 (HSV-1) infection. In mice, HSK progression occurs after viral clearance and requires T cells and neutrophils. One model implicates Th1-like CD4 T cells with cross-reactivity between the HSV-1 protein UL6 and a corneal autoantigen. HSK can be prevented by establishing specific immunological tolerance. However, HSK can also occur in T-cell receptor-transgenic X SCID mice lacking HSV-specific T cells. To study the pathogenesis of HSK in the natural host species, we measured local HSV-specific T-cell responses in HSK corneas removed at transplant surgery (n ‫؍‬ 5) or control corneas (n ‫؍‬ 2). HSV-1 DNA was detected by PCR in two specimens. HSV-specific CD4 T cells were enriched in three of the five HSK specimens and were not detectable in the control specimens. Reactivity with peptide epitopes within the tegument proteins UL21 and UL49 was documented. Responses to HSV-1 UL6 were not detected. Diverse HLA DR and DP alleles restricted these local responses. Most clones secreted gamma interferon, but not interleukin-5, in response to antigen. HSV-specific CD8 cells were also recovered. Some clones had cytotoxic-T-lymphocyte activity. The diverse specificities and HLA-restricting alleles of local virus-specific T cells in HSK are consistent with their contribution to HSK by a proinflammatory effect.
Herpes simplex keratitis (HSK) is a common and frequently vision-threatening disease. In the natural human host, interstitial inflammation leading to opacification of the light path occurs in 28 to 40% of persons with herpes simplex virus (HSV) infection of the corneal epithelium. Recovery of live virus from the corneal stroma, in the absence of epithelial ulceration, is uncommon, and antiviral therapy does little to prevent the progression from epithelial to stromal disease. In contrast, corticosteroids and cyclosporin A, compounds with antileukocyte effects, are therapeutic. These clinical observations and murine models have recently been reviewed (21, 37) . Despite the lack of spontaneous HSV reactivation in mice, these models partially replicate human HSK in that initial productive viral infection is followed by leukocyte infiltration, virus clearance, and an interval of normal histology. A second phase of leukocyte infiltration and chronic inflammation then occurs in the absence of live virus. Hypotheses developed in these models are addressed here using human corneal specimens.
Murine models show that both virus and host factors are involved in the pathogenesis of HSK. Live virus scarification into the cornea is required. Inoculation into the anterior chamber leads to antigen-specific tolerance rather than immunopathology (18, 45) . The conclusions from various murine models are widely disparate, however. In the congenic mouse strains C.AL-20 and C.B-17, which differ in susceptibility to HSK, an elegant three-way molecular mimicry has been shown to explain both susceptibility and resistance to HSK. Adult susceptible mice contain CD4 T cells, which cross-react between the HSV type 1 (HSV-1) protein UL6, amino acids 299 to 314, and a corneal autoantigen. Resistant mice express a protein (immunoglobulin G2a b [IgG2a b ] heavy chain) which, at a polymorphic locus, contains a cross-reactive peptide epitope (amino acids 292 to 308) that leads to deletion of these T cells from the repertoire. Single Th1-like T-cell clones with this crossreactive specificity mediate HSK upon passive transfer, and deletion viruses missing the pathogenic UL6 epitope fail to induce HSK. Treatment with either the viral or IgG2a b peptide in a manner which induces immunological tolerance prevents disease after virus challenge (3, 71) . In marked contrast, Gangappa et al. have recently shown that T-cell receptor (TCR) transgenic mice, crossed onto a SCID background and treated to prevent acute virus dissemination and death, can develop HSK in the absence of any detectable HSV-specific CD4 immune response (17) . Infiltration of transgenic CD4 T cells does occur, leading to a bystander damage hypothesis. Regardless of the specificity of the infiltrating T cells, several models have shown that local Th1-like cytokines, such as interleukin-2 (IL-2) and gamma interferon (IFN-␥) are associated with severe disease while local IL-10 can ameliorate disease (11, 22, 47) .
We have therefore investigated the localization of HSVspecific CD4 T cells in human HSK, using tissue obtained at corneal transplantation. HSV-specific CD4 T cells are present and appear to be locally enriched in HSK. Reactivity with two HSV tegument proteins, but not UL6 of HSV-1, was documented. The local CD4 response to HSV differed in fine specificity and HLA restriction between patients. The cytokine Lymphocyte functional assays. Screening proliferation assays were performed in duplicate in 96-well U-bottom plates. The APC were either 2.5 ϫ 10 5 HSV-1-or mock-infected (multiplicity of infection, 5; overnight) autologous B-LCL/well that were gamma (8,000 rad) and UV (10 min at 10 cm from a new GT038 bulb) irradiated, or 10 5 autologous, gamma-irradiated (3,300 rad) PBMC/well plus either UV-treated whole HSV-1 antigen or control Vero cell preparation (30 ]thymidine incorporation for HSV-1 divided by mean control counts per minute) greater than 10 in at least two assays were considered positive. Triplicate confirmatory and work-up assays, including cytokine secretion assays, used PBMC as APC and inactivated HSV-1 antigen. If the clone had a stimulation index of greater than 10 for whole UV-treated HSV-2 antigen, as well as HSV-1, it was considered to have type-common reactivity. Cytokine secretion assays used fetal calf serum-based LCL medium rather than human serum-based medium. From these wells, supernatants were saved for cytokine enzyme-linked immunosorbent assay (ELISA) prior to the addition of [ 3 H]thymidine. To establish HLA-restricting loci, supernatants of hybridoma cells secreting anti-HLA-DR MAb L243, anti-DP B7.21, and anti-DQ SPVL3 were included in proliferation assays at 1:4 final dilutions as described previously (30) . The controls in proliferation assays were mock-infected Vero cells for HSV-1 antigen, Cos-7 cells transfected with empty vector for recombinant HSV proteins, or dimethyl sulfoxide for peptides. Some results are listed as delta cpm [ 3 H]thymidine incorporation, equal to mean thymidine incorporation for viral antigen minus mean thymidine incorporation for control antigen.
Proliferation assays to establish the antigenicity of HSV-2 protein preparations made by transient transfection were performed similarly, using autologous or HLA-matched irradiated PBMC as APC.
To estimate the frequencies of precursors of cells with proliferative responses to HSV-1 whole-virus antigen in the peripheral blood, a limiting-dilution assay was performed on PBMC from three subjects. The method reported in our previous publications for HSV-2 (29, 49) was used with UV-treated HSV-1 strain E115 antigen at a 1:1,000 final concentration. Results were analyzed by chisquare minimization (60) and are reported as the estimated frequency and 95% confidence intervals using a computer program (7) kindly provided by C. Orosz and written by L. Sirinek, Ohio State University, Columbus.
Triplicate cytotoxicity assays in 96-well U-bottom plates used autologous HSV-1-infected (multiplicity of infection, 10; overnight) or uninfected B-LCL as target cells. The targets were loaded with 1 M peptide for 90 min at 37°C for some assays. The purified anti-HLA class I MAb W6/32 (5) was included in some assays at 10 g/ml. Specific release was calculated as described previously (30) . Spontaneous release was generally less than 20% of total release.
HLA typing. HLA typing for alleles of the DRB1, DRB3, DRB4, DRB5, and DQB1 loci was performed by the Immunogenetics Laboratory at the Puget Sound Blood Center. High-resolution typing was performed by PCR amplification with sequence-specific oligonucleotide primers. Exon 2 of DPB1 was sequenced using a direct automated-sequencing method (52) . Raw sequencing data was reviewed manually, and alleles were assigned using alignments with known DPB1 sequences.
Flow cytometry. Lymphocytes were washed and stained with a fluorochromelabeled MAb specific for CD4, CD8, CD3, a combination of CD16 and CD56, TCR ␣␤, or TCR ␥␦, or isotype controls (Sigma or Becton Dickenson) as described previously (33) .
ELISA. Supernatants from proliferation assays (see above) were saved at Ϫ80°C until they were assayed. Cytokine levels were measured by standard sandwich ELISA format using matched capture-detection antibody pairs from the following sources: Endogen (IFN-␥, IL-5, and IL-10) and R&D Systems (MIP-1␣). Assay sensitivities were in the range of 0.2 to 0.6 pg/ml for IFN-␥, 5 to 10 pg/ml for IL-5, 10 to 76 pg/ml for IL-10, and 30 pg/ml for MIP-1␣. For all assays, false-positive signals (due to human anti-mouse antibody interference) were inhibited by the addition of nonspecific mouse IgG to the assay buffer.
RESULTS
Native corneas from five subjects with HSK and two control subjects were studied. All seven persons were HSV-1 seropositive and HSV-2 seronegative. Four of the five subjects were receiving suppressive oral antiviral therapy at the time of surgery, and none was receiving immunosuppressive therapy or undergoing active flares of HSK. The control subjects had Fuch's dystrophy, an idiopathic dysfunction of the corneal endothelium, or disturbed vision from laser corneal surgery. HSK specimens from subjects 9599 and 9679, obtained while the patients were receiving suppressive antiviral therapy, were positive for HSV-1 DNA by PCR (Table 1) . HSV cultures were negative for all specimens evaluated. Lymphocyte clones (3 to 96) were obtained from each subject by culturing cells emigrating from the minced cornea under limiting-dilution conditions. T-cell clones or lines with HSV-specific proliferative responses were obtained from four of five HSK specimens ( Table  2) . Between 3 and 27% of the clones were HSV specific, using a criterion of a stimulation index of 10 or greater in at least two assays. For HSK subject 9752, only three clones were available and no HSV-specific responses were detected. No HSV-specific T-cell clones were recovered from the control corneas among 101 clones screened. The precursor frequency of cells with proliferative responses to inactivated HSV-1 antigen in the peripheral blood was measured for three HSK subjects by limiting-dilution assays. Between 1 in 2,808 and 1 in 6,663 PBMC responded to HSV-1.
As expected from HSV sequence data (13, 41) , some T-cell clones were type common, reacting with both HSV-1 and HSV-2, while others were type specific, reacting only with HSV-1. Among 20 clones evaluated, 16 (80%) were type specific for HSV-1. The type-common clones were evaluated with a panel of recombinant HSV-2 proteins. In addition to the published antigens gB2, gD2, VP16, UL21, UL49, and UL50 (30, 31), we also included the major capsid protein UL19 and glycoprotein E, encoded by gene US8. The last two proteins were shown by expression cloning to be recognized by genital HSV-2 lesion and cervix-derived CD4 T-cell clones, respectively (unpublished data). Antigens initially recovered as fragments of HSV-2 proteins during expression cloning (UL21, UL29, and UL50 [31] and UL19 and US8) were used as fulllength recombinant proteins. Antigen preparations made by transient transfection of primate cells were shown to be highly antigenic in preliminary assays using [ 3 H]thymidine proliferation of the index T-cell clones (Fig. 1 ). For UL19, UL21, UL49, and UL50 of HSV-2, these antigen preparations were used at a final dilution of 1:100, shown to be highly antigenic in preliminary [ 3 H]thymidine proliferation assays using lesion-derived CD4 T-cell clones (reference 31 and unpublished data) as responders and autologous or HLA-matched PBMC as APC. Appropriate APC were not available to test the HSV-2 US8 protein preparation. For the HSV-1 UL6 antigen preparation, no reactive CD4 T-cell clones were available for testing. All antigen preparations were made on the same day using the same method, and in-frame fusion with the vector-derived fusion peptide was confirmed in each case by sequencing. Reactivity with tegument proteins UL21 and UL49 was detected for T-cell clones recovered from subject 9447 (Fig. 2) . Clone 9447.28 was reactive with full-length UL49 of HSV-2. Synthetic HSV-2 peptides from the midregion of the protein (31) were used to locate the epitope to HSV-2 197 to 216, and directed truncations identified HSV-2 199 to 211 (KRVFCA AVGRLAA) as an antigenic fragment. The corresponding HSV-1 epitope 198 to 210 has an identical sequence (13, 41) . This epitope is distinct from the three CD4 T-cell epitopes in the midregion of UL49 recognized by genital HSV-2 lesionderived clones (31) . The 50% effective concentration in proliferation assays for the HSV-2 199 to 211 epitope was in the 10-to 100-nM range (Fig. 3) .
Clone 9447.72 was reactive with full-length UL21 of HSV-2. This clone originally was a mixture of CD4 Ϫ /CD8 ϩ and CD4 ϩ / CD8 Ϫ cells by flow cytometry. Therefore, subclones were made which were CD4 ϩ /CD8
Ϫ and retained proliferative responses to full-length UL21 of HSV-2. A series of truncations were made to localize the epitope to approximately amino acids 250 to 300, followed by synthesis of internal peptides. Peptides 273 to 292 and 283 to 302 and overlap HSV-2 peptide 283 to 293 (RELWWVFYAGD) stimulated proliferation. The corresponding overlap HSV-1 peptide, UL21 285 to 295, has an almost identical sequence (RELWWVFYAAD). The 50% effective concentration for peptide 283 to 302 was in the 1-to 10-nM range (Fig. 3) . The type-common clones from the other HSK subjects did not react with our panel of HSV-2 proteins, indicating that additional specificities are present.
Each HSV-reactive T-cell clone was evaluated for reactivity with recombinant UL6 of HSV-1 using autologous PBMC as APC. The gene-cloning and antigen preparation conditions were identical to those used for UL21 and UL49 of HSV-2 and were also validated for UL19 and UL50 of HSV-2 ( Fig. 1) . No clones with stimulation indices of greater than 2.0 were detected. We also evaluated bulk cultures of cornea-derived T cells for reactivity with UL6, and again no reactivity was detected. No reactivity for any of the clones was detected for gB2, gD2, VP16, UL19, UL50, or US8 of HSV-2 (all stimulation indices were less than 2.0). Bulk cultures from subject 9679 were reactive with gB2, consistent with the presence of gBspecific type-common T cells in this population.
At least five HLA class II alleles restrict the HSV-specific CD4 T-cell clones from subjects 9447, 9679, and 9772. The HLA-restricting allele for clone 9447.28 is HLA DRB1*1601 (Table 3) , as proliferation to autologous APC plus antigen was inhibited by anti-DR MAb and partially matched KAS011 APC bearing HLA DRB1*1601-presented peptide antigen. While the inhibition by anti-DR was only 31%, it was greater than that seen with anti-DP or anti-DQ, and KAS011 cells express DQB1*0502 and DPB1*0401 and *1401 and are thus not matched with subject 9447 at either of these loci. The peptide antigen contains the DRB1*1601 binding motif (http:// 134.2.96.221/), making it most likely that this is the presenting allele. The HLA-restricting allele for clone 9447.72 is DPB1*0401, as proliferation to autologous APC plus antigen was inhibited by anti-DP MAb and the subject is homozygous for this allele. Clone 9679.66 was inhibited by anti-DR MAb, while proliferation of the other clones from 9679 was inhibited by anti-DP MAb. This subject is heterozygous for the closely related (40) DRB1*0403 and -0407 alleles and homozygous for The cytotoxic activity of CD4 HSV-specific T-cell clones was examined in detail (Table 4) . Knowledge of the peptide epitopes within UL21 and UL49 for CD4 T-cell clones from subject 9447 allowed us to check targets pulsed with a high concentration (1 M) of peptide, as well as HSV-1 infected targets. Cytotoxicity was only detectable when a very high effector-to-target ratio (200:1) and peptide loading was used for the UL49-specific clone. For both clones, strong antigen-specific proliferative responses were present in assays performed on the same day with the same effector cells (data not shown). Larger panels of CD4 clones from subjects 9679 and 9772 were also tested. Using an arbitrary cutoff of greater than 10% specific release at an effector-to-target ratio of 20:1, neither of the clones from subject 9447, three of four clones (75%) from subject 9772, and one of two clones from subject 9679 demonstrated cytotoxic-T-lymphocyte (CTL) activity.
The cytokine secretion profiles of CD4 ϩ clones from subjects 9447, 9679, and 9772 were studied using autologous APC and mock or HSV-1 antigen (Table 5 ). None of the T-cell clones made detectable amounts of IL-5 or IL-10 in response to APC and mock virus antigen. Clones 9679.34 and 9679.66 made less than 10 pg of IFN-␥/ml under control conditions. All clones made significant amounts of IFN-␥ after specific stimulation with HSV-1 antigen. Clone 9679.66 made IL-5, but the remaining clones from this subject and from the other two subjects did not. Secretion of IL-10 was noted for most clones from subjects 9447 and 9679 but was low or absent in clones from subject 9772. Clones from subject 9772 were analyzed for secretion of MIP-1␣. An increment of specific secretion by clone, APC, and antigen in comparison to clone, APC, and mock antigen was noted for each clone. For MIP-1␣, but not the other cytokines, substantial secretion was also detected with mock antigen (Table 5) .
Most clones with HSV-specific proliferative responses were CD3 (Table 6 ). Stimulation indices and delta CPM values were typically lower than for CD4 ϩ clones. Cytotoxic activity (not shown) and secretion of IFN-␥ in response to antigen were generally low for these clones. 28 , the APC are autologous or HLA-typed LCL, the antigen is 1 g of peptide UL49 of HSV-2 199-211/ml, and the data are thymidine incorporation as described above in comparison to LCL plus 1% DMSO. As an additional control, proliferation for T-cell clone, peptide, and no APC was 44 cpm. For clone 9447.72, the APC are similar, the antigen is 1:20-diluted Cos-7 cell sonicate after transfection with UL21 (HSV-2) DNA as described in Materials and Methods, and the data are thymidine incorporation as described above in comparison to LCL plus sonicate of cells transfected with empty vector. For clone 9772.45, the APC-antigen combination reagent was autologous or HLA-typed LCL infected with HSV-1 and irradiated as described in Materials and Methods, and the data are thymidine incorporation in comparison to uninfected APC. Restricting alleles are in boldface. Partially matched APC are from http://www.ebi.ac.uk/imgt/hla/ except EB5491, which is in house. Subject 9679 is homozygous for DPB1*0402. 
DISCUSSION
More than 50% of adults are infected with HSV-1. The virus is latent in the trigeminal ganglia, and most infections are asymptomatic (8, 9) . Among symptomatic persons, most have orolabial infection, and only a minority suffer from corneal infection. The virus or host factors contributing to corneal infection are unknown. There are an estimated 50,000 new cases of HSV corneal infection per year in the United States, with peak incidence in the third and fourth decades, well after the peak age of acquisition of HSV-1 infection (36, 37) .
The complex nomenclature of HSV corneal syndromes (25, 37) emphasizes division by the anatomical layer(s) involved and the extent of active viral replication. Most cases begin as superficial epithelial infections. For unknown reasons, many patients progress to interstitial keratitis (36, 37) . The risk factors for disease progression are unknown. Progression from epithelial to interstitial keratitis is not prevented by suppressive antiviral therapy (23, 24) . Once the infection is established, local or systemic corticosteroids and cyclosporin A (19, 34) are therapeutic, consistent with a pathogenic role for infiltrating leukocytes.
The pathogenesis of HSK has been intensively studied in inbred mice, generating several hypotheses which are difficult to evaluate in the natural host. At polar extremes are models in which strict molecular mimicry (driven by the HSV-1 protein UL6) causes the disease (71) and models in which HSK occurs without HSV-specific T-cell responses (17) . Several intermediary models implicate local HSV-specific CD4 Th1-like T-cell responses (14, 21, 46, 47, 57) . These cells could directly damage corneal cells through cytotoxicity, mediate autoimmunity by release of normally sequestered autoantigens, or recruit damaging leukocytes via secretion of cytokines. The local inflammatory response overcomes local immune-suppressive effects mediated by corneal Fas ligand expression and secreted factors, such as IL-10 and transforming growth factor ␤ (61).
HSV-specific CD4 T-cell clones were recovered at relatively high frequencies from HSK tissue. Overall, 25 of 230 (10.9%) clones from HSK corneas were HSV-specific CD4 T cells. In our studies to date, none of the 101 clones from control corneas from HSV-1-infected persons was HSV specific. There are scattered reports of recovery of HSV-1 DNA (10, 28) from apparently normal corneas. It is possible that local HSV antigen could elicit local HSV-specific responses, which might not cause clinically overt keratitis. Neither of the control corneas in our small series were PCR positive for HSV-1. Possibly, autoreactive T cells that might be present in other inflammatory corneal diseases could cross-react with UL6 or other HSV-1 proteins, leading to the detection of HSV-specific responses even in the absence of HSV-1 infection in the subject. We plan to test this possibility by studying additional control tissues from HSV-1-infected and uninfected persons, including subjects with corneal inflammatory diseases, to confirm the disease association between HSK and local HSV-specific CD4 T cells.
The frequency of T cells with proliferative responses to HSV-1 in the peripheral blood of HSV-1-infected persons is on the order of 0.2 to 0.01% (1/500 to 1/10 4 ). Measurements using precursor frequency analysis in limiting-dilution proliferation assays, by ELISPOT, or by intracellular flow cytometry after stimulation with whole viral antigen and staining for IFN-␥ have generally been in this range, and these responders are mostly CD4 cells (1, 7, 29, 50, 54, 55) . We were able to study three of our HSK subjects, and their values were in this range. We were unable to estimate the precursor frequency of HSVspecific cells in the cornea by the same method used for the blood due to the very small number of lymphocytes in our specimens and the difficulty of extracting them for immediate ex vivo analysis. It is possible that some cell division occurred among the HSV-specific CD4 T cells emigrating from corneal fragments during the 4 days prior to initiation of clonal cultures. However, the magnitude of the difference between our results for the cornea and peripheral blood ( Table 2) argues for spatial enrichment in HSK tissues.
We were unable to document proliferative responses to the HSV-1 protein UL6 among bulk or cloned T cells recovered from five subjects with HSK. Our results are similar to those recently reported by Verjans et al. (64) , who evaluated bulk cornea-derived lymphocyte lines from 12 subjects with HSK (necrotizing and nonnecrotizing variants) and found no reactivity with HSV-1 UL6 expressed in vaccinia virus. The antigenicity of our UL6 protein is unproven, as we do not have a positive control CD4 T-cell clone reactive with UL6. However, each of the four evaluable, similar preparations containing HSV-2 proteins, and the series of truncations of UL21 of HSV-2, were highly antigenic in our system when tested with CD4 T-cell clones and PBMC as APC. UL6 was cloned using a DNA polymerase with proofreading function, reducing the Since our subjects had HSK for many years, the UL6-reactive cells might no longer be present or might persist locally at a level below our threshold of detection. Additional work will be required to rule out reactivity with UL6 in human HSK. The corneal autoantigen in the murine system (3, 71) has not been defined, so it cannot be determined if the homologous human antigen shares molecular cross-recognition with UL6. It is possible that corneal autoantigens homologous to proteins other than UL6 are involved in human HSK. A search of the database for human-expressed proteins homologous to the UL21 and UL49 epitopes defined here has not led to any obvious homologues. However, HSV-reactive (32) and other CD4 T cells tolerate extensive amino acid substitutions, and sophisticated computation and library methods have been required to uncover microbial/self mimicries (20) . Reactivity with identical or overlapping peptides in different subjects, if found in future studies, will focus the search for cross-reactive human epitopes. It is also possible that CD8 T-cell crossreactivity between HSV and self antigens could be present. Extensive CD8 reactivity with insulin in a murine diabetes model has rekindled interest in these effector cells in autoimmune diseases (66) . Our screening methodology for corneal T-cell clones used proliferation but not CTL assays, and thus would have missed typical CD8 CTL clones. The infiltrate in HSK may include both CD4 and CD8 T cells (59, 69, 70) . We hope to incorporate immunohistology and CTL screening in future studies.
The UL21 epitope found in this study (HSV-2 283 to 293, corresponding to HSV-1 285 to 295) is distinct from the region recognized by a DR-restricted clone from a genital lesion (HSV-2 148 to 81) (31) . We previously identified three different CD4 T-cell epitopes in the midregion of UL49 of HSV-2 (31), and we identify a fourth epitope here. UL49 of HSV-1 (and HSV-2) exhibits facilitated intercellular spread in vitro after virus infection or transfection (15) and is of interest as a delivery molecule in gene therapy (12) . In common with other gene delivery agents, host immune responses occur which may limit the use of this viral protein. The abundance of UL49 in virions (35) and its facilitated intercellular spread could contribute to its antigenicity. As noted by others (56) , caution is required with vaccines for HSV-2 and HSV-1 to minimize elicitation of potentially harmful immunologic reactions in tissues such as the cornea.
Functional studies of corneal lymphocytes in human HSK are limited. Verjans et al. derived HSV-specific CD4 T-cell clones from the corneas of two subjects with ulcerative necrotizing HSK. Both had HSV DNA detected by PCR, although cultures were negative. The disease-specific enrichment of HSV-specific CD4 T cells was difficult to determine, since the cells were expanded in bulk prior to cloning and no control corneas were included. HLA-restricting alleles and antigenic specificity were not determined, but TCR sequencing and limited HSV type specificity studies showed that a fairly limited number (two to four) of discrete clones were recovered per subject. These clones had a Th0-like pattern of cytokine secretion, producing IL-2, IFN-␥, and IL-4 and IL-5 (65). Our subjects, in contrast, had nonnecrotizing HSK. The available data are consistent with a Th1-like secretion pattern. Secretion of IL-5 by clone 9679.66 in response to antigen indicates that this cytokine is readily measurable in our assay. The diversity of the local response in our subjects awaits performance of detailed TCR-sequencing experiments. The diversity of HSV corneal syndromes and the probable contribution of virus replication to the necrotizing variants (34, 37) emphasizes the importance of correlating the precise clinical history and pathologic findings with in vitro T-cell studies.
Neutrophils, and chemokines associated with neutrophil chemotaxis, are required for HSK in mice (62) . One chemoattractant for neutrophils is the C-C chemokine MIP-1␣. MIP-1␣-deficient mice have normal clearance of HSK after corneal inoculation, followed by HSK which is clinically milder than that seen in controls (63) . Both tissue cells and infiltrating leukocytes contribute to ocular chemokine synthesis in mice (6) . Herpetic vesicle fluid in humans is enriched in MIP-1␣ and MIP-1␤ (44) . IFN-␥ and IL-2 may also participate in attracting and maintaining neutrophils by upregulation of adhesion molecules, such as PECAM-1 (58), and prolonging neutrophil survival (27) . Possibly, HSV-reactive T cells, such as those isolated in the present work, contribute to this inflammatory reaction.
HSV-specific CD4 T-cell clones derived from PBMC (68) and genital lesions (30) are frequently cytotoxic towards HSVinfected B-LCL and can also have cytotoxic activity towards interferon-treated, HSV-infected keratinocytes (42, 43) . Endogenously synthesized HSV antigen appears to be able to access the HLA class II antigen-processing pathway, as reported for other viruses (38) . Cytotoxic activity towards HSV-infected cells is heterogeneous between specific HSV-reactive CD4 clones. It is not known if differential access of endogenously synthesized viral proteins to the HLA class II antigen-processing pathway controls the presentation of antigen and thus the measured CTL activity by CD4 clones. However, when B-LCL APC were optimally loaded with antigen by exogenous addition of high concentrations (1 M) of peptide, every HSVspecific CD4 T-cell clone in our previous studies exerted clear cytotoxicity at moderate effector-to-target ratios (31) . It was therefore somewhat surprising that the CD4 tegument-specific clones from subject 9447 had very weak to absent CTL activity against peptide-pulsed targets. HSV-specific CD4 CTL have recently been shown to use granule-based killing mechanisms (67) . Cytotoxicity could be quite harmful in the eye, and cytotoxic CD4 clones were recovered from two of our five subjects. Further study will be required to determine the molecular basis for the heterogeneity in CTL activity between T-cell clones.
The detection of proliferative responses among CD8 ϩ clones to UV-treated whole HSV-1 virus as antigen, and irradiated PBMC as APC, indicates that exogenous antigen is capable of accessing the antigen-processing pathway used to present peptide to these cells. Similar CD8 proliferative responses have been reported previously among PBMC-derived T-cell clones (26) . Cytotoxicity in these clones was weak. Antigen-specific CD8 T cells with weak-to-absent cytotoxicity have been described in other systems and hypothesized to have regulatory functions (16, 51) . Full assessment of these CD8 T cells will require the determination of their restricting HLA alleles, peptide specificities, and cytokine secretion profiles. In summary, our data are consistent with local enrichment of HSV-1-reactive CD4 T cells in end-stage HSK in humans, the natural host for this viral agent. A variety of HSV proteins are recognized by these local T cells, including tegument proteins previously shown to be antigenic in genital HSV-2 lesions. Several different HLA-restricting loci and alleles are used by these clones, consistent with a diverse ocular immune response to HSV within the population. Similar to genital HSV-2 infection, local CD4 responses to viral tegument proteins were detected. Reactivity with the HSV-1 protein UL6 was not detected in our limited panel of subjects. Further studies are required to elucidate the contributions of virus and host factors to the pathogenesis of HSK in humans.
